Mechanical ventilation (MV) is a life support therapy used to assist patients that have difficulty breathing spontaneously, that present hypoxia or hypotension[@b1]. It is an intervention procedure for patients suffering from lung trauma, chronic obstructive pulmonary disease (COPD), acute respiratory distress syndrome (ARDS), apnea, severe asthma, or for patients under general anesthesia[@b2]. Paradoxically, although MV is the only effective strategy to treat these conditions, it may also result in greater lung damage, referred to as ventilator-induced lung injury (VILI), and multi-organ failure that can compromise the patients' lives[@b3][@b4]. VILI occurs as an effect of cyclic stretching and overdistension of the lung tissues, which cause severe inflammation and structural tissue damage ultimately leading to acute lung injury (ALI)[@b5][@b6]. Additional factors that contribute to VILI are the disease or events that led to respiratory failure, and the parameters used in MV treatment (volume, pressure, and duration)[@b7]. Up to now there are no efficient pharmacological strategies to ameliorate the negative effects caused by MV, and only a conservative approach using a low tidal volume has been shown to cause less damage[@b8].

VILI is characterized by a disruption of the alveolar-capillary barrier which increases permeability, thus causing edema, inflammatory leukocyte infiltration (mainly neutrophils), and hemorrhage[@b9]. Stretch forces cause the release of inflammatory cytokines like IL6, IL8, IL1β, and TNFα by activation of the p38 MAPK pathway and of the transcription factor NF-κB[@b10][@b11]. Cyclic stretch also generates reactive oxygen species (ROS) that further exacerbate VILI[@b12]. These events are followed by the onset of an endogenous anti-inflammatory and anti-oxidative reaction to compensate for and attenuate VILI-derived inflammatory response and redox imbalance[@b13].

The main cellular cytoprotective response is orchestrated by the transcription factor NRF2 (nuclear factor-E2-related factor 2) which controls the expression of numerous antioxidant, anti-inflammatory, and pro-survival genes that contain antioxidant response elements (ARE) in their promoters[@b14][@b15]. Typically, NRF2 is ubiquitously expressed and maintained at low levels but is activated quickly in response to various cellular stresses, including mechanical stress[@b16][@b17]. Importantly, pre-activation of NRF2 facilitates an adaptive response that protects against various types of stresses encountered subsequently. The use of natural compounds to activate NRF2 signaling has proven to be a feasible chemopreventive strategy, as demonstrated in various preclinical studies[@b18][@b19][@b20]. Many natural compounds that are used in traditional medicine for their antioxidant and anti-inflammatory properties have been shown to be Nrf2 inducers that elicit their effect through NRF2 activation[@b18][@b21][@b22]. Hence, numerous studies have demonstrated the protective effect of NRF2 against pathologic conditions that present oxidative stress and inflammation[@b23][@b24][@b25][@b26]. Mechanisms of NRF2 activation by chemopreventive compounds have been studied in detail. Activation of NRF2 in response to chemopreventive compounds or a change in the intracellular redox status is controlled by KEAP1, a substrate adaptor protein of an E3-ubiquitin ligase that binds to NRF2 and negatively regulates it[@b27][@b28]. Critical cysteine residues in KEAP1 get oxidized by ROS or modified by electrophilic compounds, which then alters its interaction with NRF2 and prevents its degradation[@b29][@b30]. Interestingly, it has been previously demonstrated by our group that chemopreventive compounds such as sulforaphane (SF) and tert-butylhydroquinone (tBHQ) induce NRF2 in a KEAP1 cysteine-151 (C151)-dependent manner (we defined these inducers as canonical NRF2 inducers). In contrast, carcinogenic arsenic upregulates NRF2 through p62-autophagy blockage (non-canonical mechanism)[@b29][@b31].

Bixin is a carotenoid extracted from the seeds of *Bixa orellana* (annatto, or 'achiote' in Mexico) used as an FDA-approved food colorant and additive, as well as cosmetic and textile colorant[@b23]. Traditionally, it has been used in Mexico and South America to treat infectious and inflammatory diseases of the skin, prostate, gastrointestinal tract, and chest pain[@b32][@b33]. Previous *in vitro* biochemical assays demonstrated that bixin was able to quench singlet oxygen, a ROS implicated in oxidative lung injury[@b24][@b34]. Consistent with its antioxidant properties, other studies demonstrate that bixin prevents oxidative DNA damage and lipid peroxidation. Bixin also protects against cisplatin-induced clastogenicity and carbon tetrachloride hepatotoxicity[@b35][@b36][@b37]. Currently, there is no epidemiological evidence of carcinogenicity or acute toxicity associated to ingestion or occupational exposure to bixin, and asides from rare cases of reported allergies to bixin ingestion, this compound has been proven to be safe for human administration[@b38][@b39].

In this study, we identified bixin as a novel canonical NRF2 inducer, implying the previously defined antioxidant and anti-inflammatory properties of bixin may be derived from activation of the NRF2-mediated response, rather than acting as a direct ROS scavenger as previously reported. Bixin was found to activate the NRF2 signaling pathway in lung epithelial cells and in the lungs of mice through IP injection. We then explored the protective effects of bixin in a murine VILI model. Bixin protects against VILI by suppression of inflammatory mediators, reduction in alveolar capillary leakage, and protection against DNA oxidative damage in an NRF2-dependant manner. These results suggest that pharmacological activation of NRF2 by bixin pretreatment may ameliorate the lung damage induced by MV, which could constitute the first clinical intervention to prevent VILI.

Results
=======

Bixin induces the NRF2 signaling pathway with no detectable toxicity under a wide dose range
--------------------------------------------------------------------------------------------

Based on the chemical structure of bixin ([Fig. 1a](#f1){ref-type="fig"}), we investigated if bixin was able to induce the Nrf2 signaling pathway in lung cells. An MTT assay was first employed to determine bixin cytotoxicity in cells treated for 48 h with doses ranging from 0.625--160 μM. In normal primary bronchial epithelial (NHBE) we observed no cytotoxicity at any of the doses tested, whereas in lung microvascular endothelial cells (HMVEC-L) there was a slight decrease in viability (20%) at the highest dose tested ([Supplementary Figure S1](#S1){ref-type="supplementary-material"}). In immortalized normal bronchial epithelial cells (HBE and BEAS-2B, data not shown) and the lung cancer cell line H1299 ([Fig. 1b](#f1){ref-type="fig"}) we found no cytoxicity at any of the doses tested. These results demonstrate that bixin is a well-tolerated compound in cells of the lower respiratory system.

Three doses of bixin (10, 20, and 40 μM) were chosen to test their ability to induce the NRF2 signaling pathway in H1299 cells. Immunoblotting analyses show that there was a dose-response effect in the induction of NRF2 protein levels after a 4 h treatment and of its downstream targets HO-1 and GCLM after a 16 h treatment, while no effects were observed on KEAP1 expression levels ([Fig. 1c](#f1){ref-type="fig"}). Since the highest induction was obtained with 40 μM bixin, this dose was then used for a time course study. NRF2 protein levels were significantly induced as early as 2 h after treatment, reaching its highest levels between 2-4 h and returning to basal levels by 24 h ([Fig. 1d](#f1){ref-type="fig"}). This protein induction correlates with increased cytoplasmic and nuclear accumulation of NRF2 ([Supplementary Figure S2](#S1){ref-type="supplementary-material"}). In addition, GCLM protein levels increased at 8 h and peaked between 12 and 24 h, with persistent elevation up to 48 h after treatment. As expected, no change was observed in KEAP1 protein levels. Furthermore, 40 μM bixin treatment for either 4 or 16 h did not affect the mRNA levels of *NRF2* nor *KEAP1* ([Fig. 1e](#f1){ref-type="fig"}), consistent with previous observations for canonical NRF2 inducers[@b31]. In contrast, the mRNA levels of both *HMOX1* and *GCLM* increase significantly after the treatment. These results suggest that bixin is a non-cytotoxic inducer of the NRF2 signaling pathway.

Bixin is a canonical NRF2 inducer that activates NRF2 in a KEAP1-C151-dependent manner
--------------------------------------------------------------------------------------

We next explored the mechanism by which bixin activates the NRF2 pathway. Previous studies have demonstrated that NRF2 inducers cause NRF2 activation by inhibiting its KEAP1-mediated ubiquitination[@b40][@b41]. Therefore, a cell-based ubiquitination assay was performed in H1299 cells cotransfected with expression vectors for *NRF2* and HA-tagged ubiquitin (*HA-Ub*). The cells were either left untreated or treated with SF (5 μM, as a positive control) or bixin (40 μM), along with the protease inhibitor MG132 (100 μM) for 4 h. Bixin treatment markedly reduced the ubiquitination level of NRF2 compared to the untreated control; as expected, SF treatment also decreased NRF2 ubquitination ([Fig. 2a](#f2){ref-type="fig"}).

Next we tested if bixin is a canonical Nrf2 inducer. H1299 cells were first transfected with *KEAP1*-siRNA to knockdown endogenous protein ([Supplementary Figure S3a](#S1){ref-type="supplementary-material"}) and 24 h later were cotransfected with expression vectors for either KEAP1 wild type (*KEAP1-WT*) or a KEAP1 where the cysteine 151 was mutated to serine (*KEAP1-C151S*). The cells were then either left untreated or treated with bixin (40 μM) along with MG132 (100 μM) for 4 h, and the cell lysates were used for a ubiquitination assay. Bixin prevented the ubiquitination of cells with endogenous *KEAP1* or expressing exogenous *KEAP1-WT* but had no effect on cells expressing *KEAP1-C151S* ([Fig. 2b](#f2){ref-type="fig"}). To further confirm that bixin is a canonical NRF2 inducer, endogenous expression of KEAP1 was knocked down in H1299 cells. The cells were then cotransfected with KEAP1-WT or KEAP1-C151S plasmids as well as with *ARE-*firefly luciferase and *Renilla* luciferase reporters to assess NRF2 transcriptional activity. Cells were treated with SF (5 μM), tBHQ (50 μM), As(III) (5 μM), and bixin (40 μM) for 16 h. NRF2 transcriptional activity was enhanced by all treatments in *KEAP1-WT* cells, while in *KEAP1-C151S* cells NRF2 activation by SF, tBHQ, or bixin was inhibited ([Fig. 2c](#f2){ref-type="fig"}). In contrast, arsenic treatment was still able to induce NRF2 transcriptional activity in the *KEAP1-C151S* cells consistent with our previous finding that arsenic is a non-canonical NRF2 inducer that works through a KEAP1 C151-independent mechanism[@b42]. Taken together, these results demonstrate that bixin is a canonical NRF2 inducer that acts through the critical C151 sensor residue in KEAP1.

Next, the half-life of endogenous NRF2 protein was determined. Cycloheximide was added to untreated or bixin-treated H1299 cells to block *de novo* protein synthesis and cells were harvested at different time points. The protein levels of NRF2 were detected by immunoblot analysis ([Fig. 2d](#f2){ref-type="fig"}, left panel) and the intensity of the NRF2 band was quantified and plotted to calculate the half-life of NRF2 ([Fig. 2d](#f2){ref-type="fig"}, right panel). The half-life of NRF2 of untreated cells was 19.4 min; however, after bixin treatment the half-life of NRF2 increased to 28.9 min. This increase in NRF2 half-life is also KEAP1-C151-dependent ([Supplementary Figure S3b](#S1){ref-type="supplementary-material"}). These results indicate that bixin activates NRF2 by decreasing its ubiquitination and increasing NRF2 protein stability in a KEAP1-C151-dependent manner.

IP injection of bixin activates the NRF2 signaling pathway and suppresses the NF-κB inflammatory response in the lungs of *Nrf2* ^*+/+*^ mice
---------------------------------------------------------------------------------------------------------------------------------------------

We first performed a pilot study to test the bixin treatment regimen (dose and injection duration) that resulted in the maximum activation of the NRF2 signaling pathway in the lung. Clearly, IP injection of bixin (200 mg/kg, 72 h) was effective in upregulating pulmonary protein levels of NRF2 and its target genes (*Gclm* and *Hmox*1) in *Nrf2*^+/+^ mice as measured by immunoblot analysis ([Supplementary Figure S4](#S1){ref-type="supplementary-material"}). This treatment regimen was then used throughout the study.

The potential protective activity of bixin was studied in a ventilation-induced lung injury (VILI) model. *Nrf2*^+/+^ and *Nrf2*^*−/−*^ mice were IP injected with either corn oil (vehicle control, Ctrl) or bixin (200 mg/kg) 72 h before being subjected to high tidal volume ventilation (40 mL/kg) for 4 h. Lung tissues were collected immediately after ventilation and subjected to immunohistochemistry (IHC) analyses. Indeed, bixin treatment was able to increase NRF2 protein levels ([Fig. 3a](#f3){ref-type="fig"}) as well as HO-1 and GCLM ([Fig. 3b](#f3){ref-type="fig"},c, respectively) in *Nrf2*^+/+^ mice lungs. As expected, ventilation alone dramatically induced the NRF2 pathway in *Nrf2*^+/+^ mice since mechanical stress is known to induce an NRF2-mediated acute stress response[@b16][@b17][@b43] ([Fig. 3](#f3){ref-type="fig"}). Moreover, when the *Nrf2*^+/+^ mice were treated with bixin and ventilation, the NRF2 pathway was also activated ([Fig. 3](#f3){ref-type="fig"}). In contrast, *Nrf2*^*−/−*^mice had no detectable NRF2 and both the basal and inducible levels of HO-1 and GCLM were very low compared to *Nrf2*^+/+^ mice ([Fig. 3](#f3){ref-type="fig"}). Furthermore, immunoblot analyses of total protein extracted from these lung tissues revealed that bixin and ventilation, alone or in combination, can induce NRF2, HO-1 and GCLM in *Nrf2*^+/+^ mice without affecting KEAP1 ([Fig. 4a](#f4){ref-type="fig"}). Since one of the main side effects of ventilation is exacerbated inflammation, the activation of the NF-κB pathway was investigated by detecting phosphorylation of the p65 subunit. While total levels of p65 were unaffected, the phosphorylated (active) form of P65 (p-P65) was markedly induced by ventilation in both *Nrf2*^+/+^ and *Nrf2*^*−/−*^ mice ([Fig. 4b](#f4){ref-type="fig"}). However, bixin pretreatment decreased p-P65 accumulation in *Nrf2*^+/+^ mice, presumably due to the activation of NRF2, with very minimal effects in *Nrf2*^*−/−*^ mice ([Fig. 4b](#f4){ref-type="fig"}). To further corroborate these results, mRNA levels of *Nrf2, Keap1, Hmox1* and *Gclm* were also assessed ([Fig. 4c--f](#f4){ref-type="fig"}). The mRNA levels of *Nrf2* did not increase in the treatment groups, which is consistent with the *in vitro* results demonstrating that bixin activates NRF2 by stabilizing its protein levels ([Fig. 4c](#f4){ref-type="fig"}). As expected, bixin had no effects on the mRNA levels of Keap1 ([Fig. 4d](#f4){ref-type="fig"}). Importantly, although *Hmox1* and *Gclm* had similar basal mRNA levels in *Nrf2*^+/+^ and *Nrf2*^*−/−*^ mice they were only induced after treatment with either bixin, ventilation, or the combination in *Nrf2*^+/+^ mice ([Fig. 4e,f](#f4){ref-type="fig"}).

Bixin restored normal lung morphology and attenuated inflammatory response and oxidative DNA damage in the lungs of *Nrf2* ^+/+^ but not *Nrf2* ^*−/−*^ mice following MV treatment
-----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

Hematoxylin and eosin (HE) staining of lung tissues revealed infiltration of inflammatory cells and alveolar septal thickening in the lungs of both *Nrf2*^+/+^ and *Nrf2*^*−/−*^ mice after 4 h ventilation ([Fig. 5a](#f5){ref-type="fig"}). Bixin injection alone did not affect the lung morphology of mice of either genotype but dramatically attenuated the pulmonary pathological alterations caused by ventilation in *Nrf2*^+/+^ mice, whereas no improvement was observed in the lungs from *Nrf2*^*−/−*^ mice ([Fig. 5a](#f5){ref-type="fig"}). In addition, IHC analysis for 8-hydroxy-2'-deoxyguanosine (8-oxo-dG) was performed to detect ventilation-induced oxidative DNA damage. Ventilation markedly enhanced 8-oxo-dG staining in both *Nrf2*^+/+^ and *Nrf2*^*−/−*^ mice ([Fig. 5b](#f5){ref-type="fig"}). In contrast, bixin treatment alone did not have any effect, indicating it has no pro-oxidant effects at the dose used. However, bixin pretreatment significantly suppressed 8-oxo-dG staining in the lungs from *Nrf2*^+/+^ but not *Nrf2*^*−/−*^ mice that received ventilation ([Fig. 5b](#f5){ref-type="fig"}). These results indicate that bixin protects against ventilation-induced pulmonary damage by decreasing inflammation and oxidative DNA damage, both of which depended on activation of the NRF2 signaling pathway.

We next analyzed bronchoalveolar lavage (BAL) fluid for total BAL protein, total BAL cell number and ratio of neutrophils. Ventilation greatly increased the total BAL protein in the lungs from both *Nrf2*^+/+^ and *Nrf2*^*−/−*^ mice, which indicated that both genotypes underwent through a similar bronchoalveolar leak ([Fig. 6a](#f6){ref-type="fig"}). Bixin alone did not affect the total protein levels of either mice, but it significantly decreased the total BAL protein in *Nrf2*^+/+^ mice following high tidal volume ventilation ([Fig. 6a](#f6){ref-type="fig"}), which indicates that bixin can suppress ventilation-induced pulmonary vascular leakage in an NRF2-dependent manner. Similarly, ventilation increased inflammatory leukocyte infiltration to the lungs as assessed by the total number of BAL cells and the ratio of neutrophils in both *Nrf2*^+/+^ and *Nrf2*^*−/−*^ mice ([Fig. 6](#f6){ref-type="fig"}). Bixin treatment of unventilated mice did not affect the total cell number or the ratio of neutrophils. However, bixin pretreatment decreased ventilation-induced neutrophil infiltration (total cells and ratio of neutrophils) only in *Nrf2*^+/+^ but not *Nrf2*^*−/−*^ mice ([Fig. 6](#f6){ref-type="fig"}), further suggesting the anti-inflammatory role of NRF2 in bixin-mediated protection against VILI. It is worth mentioning that ventilation-induced neutrophil infiltration was more pronounced in *Nrf2*^*−/−*^ mice ([Fig. 6c](#f6){ref-type="fig"}), indicating the basal level of Nrf2 was sufficient to confer protection against MV-induced inflammatory cell infiltration. Moreover, the amount of inflammatory cytokines (IL6, TNFα) was measured by ELISA as surrogate markers for NF-κB signaling activation. Ventilation greatly induced the expression of IL6 and TNFα in both *Nrf2*^+/+^ and *Nrf2*^*−/−*^ mice while bixin pretreatment reduced the expression of both cytokines only in ventilated *Nrf2*^+/+^ mice ([Fig. 6d](#f6){ref-type="fig"},e). Collectively, these results suggest that bixin can decrease the pulmonary inflammatory response associated with ventilation through activation of the NRF2 pathway and attenuation of NF-κB signaling.

Discussion
==========

VILI is a negative side effect of MV that contributes to patient morbidity and mortality despite being the most effective therapy against respiratory deficiencies. In the pathology of VILI, two major events have been identified: volutrauma (damage induced by high respiratory volumes) and biotrauma (damage induced by the mechanical stretching of the airways that produces an inflammatory response)[@b44]. The first event can be partially reversed by using low tidal volumes for ventilation. However, there are currently no treatments to decrease the biotrauma, but we believe that targeting the biological events and signaling pathways involved in it could constitute a therapeutic option. In this study, the feasibility of using NRF2 activators in decreasing VILI using the newly identified canonical NRF2 activator bixin was clearly demonstrated. First, bixin was identified as an NRF2 pathway activator *in vitro* ([Fig. 1](#f1){ref-type="fig"}). Bixin works in a KEAP1-C151-dependent fashion to prevent NRF2 ubiquitination and prolong its half-life, and is therefore defined as a canonical NRF2 activator ([Fig. 2](#f2){ref-type="fig"}). Thus, it is plausible that the previously reported antioxidant activity of bixin is actually through NRF2 activation. Next, the *in vivo* protective effects of bixin in ameliorating VILI were investigated. As expected, mechanical ventilation itself induced NRF2, HO-1 and GCLM, which is in agreement with the role of NRF2 signaling as a stress response. However, it also elicited a severe inflammatory response (as measured by p-P65 protein levels, total BAL protein, increased BAL cells and neutrophils, and increased levels of inflammatory cytokines) and oxidative stress (as measured by DNA oxidative damage) ([Figs 3](#f3){ref-type="fig"}, [4](#f4){ref-type="fig"}, [5](#f5){ref-type="fig"}, [6](#f6){ref-type="fig"}). Bixin induces the expression of NRF2 and its downstream targets in lung tissues of *Nrf2*^+/+^ mice ([Fig. 3](#f3){ref-type="fig"}). More importantly, bixin pretreatment restored normal lung morphology and alleviated MV-induced inflammation and oxidative stress, these effects seem to be dependent on NRF2 signaling since *Nrf2*^*−/−*^ mice did not benefit from bixin pretreatment ([Figs 3](#f3){ref-type="fig"}, [4](#f4){ref-type="fig"}, [5](#f5){ref-type="fig"}, [6](#f6){ref-type="fig"}).

Although NRF2 is recognized as a major antioxidant and anti-inflammatory factor and its beneficial effects in lung diseases have been previously reported[@b20][@b45][@b46] few studies have investigated the role of NRF2 in VILI. Our group and others have identified that VILI upregulates the NRF2 response in lung tissues[@b16][@b17] and that genetic ablation of *Nrf2* increases inflammation and oxidative injuries in mice. Papaiahgari *et al.* found that VILI produced high alveolo-endothelial permeability (total BAL protein) in both *Nrf2*^+/+^ and *Nrf2*^*−/−*^ mice to a similar degree[@b16]. Interestingly, they also reported that *Nrf2*^*−/−*^ mice had a higher neutrophil infiltration to the lungs than their wild-type counterparts. Both observations are consistent with this study. We believe this neutrophil accumulation could account for the increased oxidative damage observed in the lung tissues of *Nrf2*^*−/−*^ mice that received ventilation. Another study found that sodium sulfide protects against VILI by upregulating NQO1 and GPX2[@b47], which are involved in the restoration of redox balance. Additionally, hyperoxia causes acute lung injury (ALI), which resembles VILI in that it causes lung hyperpermeability and inflammation by induction of NF-κB and pro-inflammatory cytokine release[@b11]. Another study has identified that conditional deletion of NRF2 in lung epithelial cells causes greater lung injury and prolonged inflammation, as well as increased alveolar permeability, under hyperoxic conditions[@b45]. These studies support the hypothesis that hyperoxia is an effect of MV and that NRF2 activation protects the lungs from VILI and ALI by inducing the transcription of antioxidant proteins and by downregulating NF-κB signaling[@b46][@b48], consistent with our results.

These studies set the basis for considering NRF2 as an attractive, druggable target to prevent VILI, ALI, and other airway diseases. Since MV is a procedure that can be anticipated, it may be possible to start preventive therapy that induces NRF2 before the procedure is initiated to decrease its negative side effects[@b4]. Although the use of direct antioxidants, like N-acetyl cysteine (NAC), has some degree of beneficial effects[@b16] we suggest that activating the body's own defensive responses through upregulation of the NRF2 pathway in combination with low tidal ventilator strategies will result in greater benefits for the patients. The use of carotenoids in chemopreventive interventions has been extensively documented although the results have proven little to no effect, probably due to their limited action as ROS quenchers[@b49][@b50][@b51][@b52][@b53]. Our results suggest that bixin administration before MV might improve the patients' outcomes thanks to not only its quenching properties but also to its ability to upregulate the antioxidant and anti-inflammatory responses. In humans, the maximum bixin concentration in blood plasma is detected at 2 h post-ingestion[@b54], so bixin administration could be a good option even for patients receiving emergency MV. A major concern in the administration of carotenoids is that at high doses they have pro-oxidant effects, however the bixin doses used in our *in vivo* studies did not elicit any cytotoxicity or generate oxidative DNA damage while inducing a robust NRF2 response. All the evidence presented in this study demonstrates that bixin alleviates VILI by induction of NRF2 to decrease inflammation and oxidative damage. Therefore, this study suggests that pharmacological activation of NRF2 with natural compounds such as bixin may prove beneficial to patients who will receive MV treatment. It is also possible that the beneficial effects identified in the lung might also be present in other vital organs (like kidneys) affected by the negative side effects of MV, since IP injection of NRF2 inducers is able to activate NRF2 in many organs tested (data not shown). Certainly, further investigations of the efficacy of bixin in protecting human lung injury are needed. However, this study provides proof-of-concept that NRF2 activators can be developed into pharmacological agents for clinical prevention of lung injury for patients undergoing MV treatment.

Materials and Methods
=====================

Chemicals, antibodies, and cell culture
---------------------------------------

Bixin, tBHQ, and sodium arsenite (As(III)) were purchased from Sigma, and sulforaphane (SF) was from Santa Cruz. Primary antibodies against NRF2, KEAP1, GCLM, HO-1, GAPDH, and the hemagglutinin (HA) epitope, as well as horseradish peroxidase (HRP)-conjugated secondary antibodies were from Santa Cruz. Antibodies against p-P65 and P65 were from Cell Signaling, and the 8-oxo-dG antibody was from Trevigen. The Alexa Fluor 488-conjugated secondary antibody was from Invitrogen. The human non-small cell carcinoma H1299 cells were purchased from ATCC and were grown in RPMI 1640 medium supplemented with 10% FBS (Atlanta Biological) and 0.1% gentamycin (Invitrogen). Normal human bronchial epithelial cells (NHBE) and normal lung microvascular endothelial cells (HMVEC-L) were purchased from Lonza and were grown in Bronchial Epithelial Growth Medium (BEGM, Lonza) and Endothelial Cell Growth Medium (EGM, Lonza), respectively, according to the supplier's instructions. All cells were maintained at 37 °C in a humidified incubator containing 5% CO~2~.

Transfection of siRNA, cDNA, and luciferase reporter gene assay
---------------------------------------------------------------

Transfection of small interfering RNA (Control siRNA \#1027281, *KEAP1* siRNA \#SI03246439, Qiagen) was performed using HiPerfect (Qiagen) according to the manufacturer's instructions. Transfection of cDNA was performed 24 h after siRNA transfection using Lipofectamine 3000 (Invitrogen) according to the manufacturer's instructions. Activation of NRF2 transcriptional activity was performed as previously published[@b31]. Briefly, H1299 cells were cotransfected with expression vectors for either *KEAP1* wild type (*KEAP1-WT*) or a mutant *KEAP1* (*KEAP1-C151S*), along with *mGst-ARE* firefly and *Renilla* luciferase reporters. At 24 h post-transfection, cells were treated with SF (5 μM), tBHQ (50 μM), As (5 μM), or bixin (40 μM) for 16 h, then lysed for analysis of the reporter gene activity using the Promega dual-luciferase reporter gene assay system.

Cell viability
--------------

Bixin toxicity was measured by functional impairment of the mitochondria using 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) (Sigma). Cells (1 × 10^4^) were seeded in a 96-well plate; 24 h later the cells were treated with the indicated doses of bixin for 48 h. 20 μL of 2 mg/mL MTT were directly added to the cells which were then incubated at 37 °C for 2h. 100 μl of isopropanol/HCl were added to each well and the plate was shaken at room temperature (RT). Absorbance was measured at 570 nm using the Synergy 2 Multi-Mode Microplate Reader (Biotek).

Immunoblot analysis, ubiquitylation assay, and protein half life
----------------------------------------------------------------

H1299 cells were harvested in sample buffer (50 mM Tris-HCl \[pH 6.8\], 2% SDS, 10% glycerol, 100 mM DTT, and 0.1% bromophenol blue), boiled and sonicated. Total cell lysates were resolved by SDS-PAGE and subjected to immunoblot analyses with the indicated antibodies. For the ubiquitination assay, cells were cotransfected with expression vectors for *NRF2 *and HA-tagged ubiquitin (*HA-Ub*), or with *KEAP1* siRNA plus *KEAP1-WT* or *KEAP1-C151S*. The cells were left untreated or treated with either SF (5 μM) or bixin (40 μM) along with MG132 (10 μM) for 4 h. The cells were harvested in buffer containing 2% SDS,150 mM NaCl, 10 mM Tris-HCl (pH 8.0), and 1 mM DTT and boiled. For immunoprecipitation, 1 μg of NRF2 antibody was incubated with the cell lysates at 4 °C overnight with protein A agarose beads (Invitrogen). Immunoprecipitated complexes were washed four times with RIPA buffer and eluted in sample buffer by boiling for 5 min. Samples were resolved by SDS-PAGE and immunoblotted with HA or Ub antibodies. To measure the half-life of NRF2, H1299 cells were either left untreated or treated with bixin (5 μM) for 4 h, then cycloheximide (50 μM) was added to block protein synthesis. Total cell lysates were collected at different time points and subjected to immunoblot analysis with NRF2 antibody. The relative intensity of the bands was quantified using the ChemiDoc CRS gel documentation system and Quantity One software (BioRad).

mRNA extraction and real-time RT-PCR
------------------------------------

Total RNA was extracted from H1299 cells and mouse lung tissues using TRIzol (Invitrogen). Equal amounts of mRNA were used to generate cDNA using the M-MLV Reverse Transcriptase synthesis kit according to the manufacturer's instructions (Promega). RT-PCR and primer sequences of *NRF2, KEAP1, GCLM, HMOX1* and *GAPDH* were described previously[@b40] to evaluate mRNA expression using the LightCycler 480 system (Roche). Quantification of cDNA amount for mouse *Nrf2, Keap1, Gclm*, and *Hmox1* in each lung tissue sample was performed with KAPA SYBR FAST qPCR Kit (Kapa Biosystems). Primers were designed with Primer 3 (<http://www-genome.wi.mit.edu/genome_software/other/primer3.html>) and synthesized by Sigma as follows:

*Nrf2*: forward (CTCAGCATGATGGACTTGGA)

reverse (TCTTGCCTCCAAAGGATGTC);

*Keap1*: forward (GATCGGCTGCACTGAACTG)

reverse (GGCAGTGTGACAGGTTGAAG);

*Hmox1*: forward (GAGCCTGAATCGAGCAGAAC)

reverse (CTCGGCTTGGATGTGTACCT);

*Gclm*: forward (TCCCATGCAGTGGAGAAGAT)

reverse (AGCTGTGCAACTCCAAGGAC);

*β-actin*: forward (AAGGCCAACCGTGAAAAGAT)

reverse (GTGGTACGACCAGAGGCATAC).

The real-time PCR conditions used were: initial denaturation (95 °C, 3 min), 40 cycles of amplification (95 °C, 10 s; 60 °C, 20 s; 72 °C, 5 s), melting curve (95 °C, 5 s; 65 °C, 1 min; 97 °C continuous), and cooling cycle (40 °C, 30 s). Mean crossing point (Cp) values and standard deviations (SD) were determined. Cp values were normalized to the respective Cp values of the mouse *β-actin* reference gene. Data are presented as a fold change in gene expression compared to the control group.

Animals and treatments
----------------------

*Nrf2*^+/+^ and *Nrf2*^*−/−*^ SKH-I mice were obtained by breeding *Nrf2*^+*/−*^ mice. All animals received water and food ad libitum, were handled according to the Guide for the Care and Use of Laboratory Animals, and the protocols were approved by the University of Arizona Institutional Animal Care and Use Committee. Eight-week-old *Nrf2*^+/+^ and *Nrf2*^*−/−*^ mice were randomly allocated into four groups (n = 6): (i) control (corn oil); (ii) bixin (200 mg/kg, dissolved in corn oil); (iii) ventilation; (iv) bixin+ventilation. Bixin was administrated through intraperitoneal (IP) injection 72 h before ventilation. For ventilation-induced lung injury (VILI) experiments, mice were subjected to mechanical ventilation[@b9]. Briefly, mice were anesthetized with ketamine/xylazine (IP, 100/5 mg/kg, respectively), intubated with a 20-gauge IV catheter, and connected to the ventilator (Inspira, Harvard Apparatus). The ventilation parameters using room air were: tidal volume 40 mL/kg, respiratory rate 75 breaths/min, and a positive and expiratory pressure of 0 cm H~2~O for 4 h. Mice were constantly monitored and deep anesthesia was maintained throughout the experiment with ketamine/xylazine. Mice in the control and bixin groups were allowed to breathe spontaneously. All mice survived the ventilation treatment and/or bixin injections.

Bronchoalveolar lavage (BAL) and lung tissue collection
-------------------------------------------------------

After the treatments, mice were euthanized and BAL fluid was obtained by lavaging the lung with 1 mL HBSS (Invitrogen) through the tracheal cannula[@b9]. The BAL fluid was centrifuged at 500× g for 20 min at 4 °C to collect the cells. Cell pellets were resuspended in PBS and total cell counts were determined using the TC20 automated cell counter (BioRad). Cytospins of BAL cells were prepared (Cytospin 4, Thermo Fisher Scientific) and slides were stained with the Shandon Kwik-Diff kit (Thermo Fisher Scientific). Macrophages and neutrophils were identified using the standard morphologic criteria; 200 cells were examined per sample. The mean cell counts ± SD were obtained from 6 mice of each group. The supernatant collected from the BAL fluid was centrifuged again at 15,000 x g for 10 min at 4 °C and stored at --80 °C until used for protein analysis. Lungs were collected and divided: one part was frozen in liquid nitrogen for total RNA extraction and protein analysis; the other part was fixed in 10% buffered formalin and embedded in paraffin for histological and immunochemical analyses.

HE staining and IHC
-------------------

Tissue sections (4 μm) were baked and deparaffinized. Hematoxylin and eosin (HE) staining was performed for pathological examination. IHC analysis was performed as previously described[@b40]. Briefly, antigen retrieval was performed by boiling the slides with retrieval solution (citric acid monohydrate 2.1 g/L in H~2~O, pH = 6.0) three times for 5 min. Tissue sections were then exposed to 3.5 M HCl for 15 min at room temperature and washed with PBS. Subsequently, tissue sections were treated with 0.3% peroxidase to quench endogenous peroxidase activity. Tissue sections were incubated with 5% normal goat serum for 30 min followed by 2 h incubation with NRF2 antibody at 1:100 dilution at RT. Staining was performed using the EnVision + System-HRP kit (Dako) according to the manufacturer's instructions.

Enzyme-linked immunosorbent assay (ELISA) of cytokines in BAL fluid
-------------------------------------------------------------------

The ELISA kit (eBiosciences) was used according to the manufacturer's instructions. Briefly, the plate was coated with 100 μL capture antibody in coating buffer per well and incubated overnight. The plate was washed with 250 μL wash buffer, blocked with 200 μL of the assay diluents, and incubated for 1 h. BAL fluid (100 μL) was added and incubated for 2 h, then 100 μL of detection antibody (IL-6, TNFα) were added to each well and incubated for 1 h. Subsequently, 100 μL avidin-HRP were added and the plate was incubated for 30 min. 100 μL of the substrate solution were added to each well and incubated for 15 min; the reaction was stopped with 50 μL of stop solution. All incubations were done at RT. The plate was read at 450nm.

Indirect immunofluorescence
---------------------------

H1299 cells were seeded on glass cover slips, 24h later they were treated with bixin (40 μM) for the indicated time points. Cells were fixed with chilled methanol and incubated with anti-NRF2 antibody, then with an Alexa Fluor 488-conjugated secondary antibody. Nuclei were counterstained with DAPI. Images were obtained using a Zeiss Observer.Z1 microscope with the Slidebook 5.0 software (Intelligent Imaging Innovations).

Statistics
----------

Results are presented as the mean ± SD of three independent experiments performed in duplicate (real-time RT-PCR) or triplicate. Statistical tests were performed using SPSS 13.0. Unpaired Student's t-tests were used to compare the means of two groups. One-way ANOVA with Bonferroni's correction was used to compare the means of three or more groups. *P* \< 0.05 was considered to be significant.
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![Bixin upregulates the NRF2 signaling pathway.\
(**a**) Bixin chemical structure. (**b**) Cell viability was measured in H1299 cells treated with the indicated doses of bixin for 48 h. (**c**) H1299 cells were treated with the indicated doses of bixin for 4 h and 16 h, cell lysates were subjected to immunoblot analyses. (**d**) H1299 cells were treated with bixin (40 μM) for the indicated time, cell lysates were subjected to immunoblot analyses. \*indicates the specific HO-1 band in H1299 cells. (**e**) H1299 cells were either left untreated (control, Ctrl) or treated with bixin (40 μM) for 4 h and 16 h, and mRNA was extracted. The relative mRNA levels of *NRF2, KEAP1, HMOX1* and *GCLM* were then determined by quantitative real-time RT-PCR. Data are expressed as means ± SD (\**p* \< 0.05, Ctrl *vs.* bixin).](srep18760-f1){#f1}

![Bixin activates the NRF2 signaling pathway by decreasing NRF2 ubiquitination and increasing NRF2 protein stability in a Keap1-C151-dependent manner.\
(**a**) H1299 cells were cotransfected with plasmids encoding the indicated proteins; 24 h later the cells were treated with either SF (5 μM) or bixin (40 μM) along with MG132 (10 μM) for 4 h. Anti-NRF2 immunoprecipitates were analyzed by immunoblotting with anti-HA antibody for detection of ubiquitin-conjugated NRF2. (**b**) H1299 cells were transfected with siRNA and 24 h later were transfected with plasmids encoding the indicated KEAP1 proteins. 24 h later the cells were treated with bixin (40 μM) along with MG132 (10 μM) for 4 h. Anti-NRF2 immunoprecipitates were analyzed by immunoblotting with anti-Ub antibody for detection of ubiquitin-conjugated NRF2. (**c**) H1299 cells cotransfected with the plasmids expressing either wild type Keap1 (*KEAP1-WT*) or C151 mutated Keap1 (*KEAP1-C151S*) along with *mGst-ARE* firefly luciferase and *Renilla* luciferase reporters were left untreated or treated with the indicated compounds for 16 h. Dual luciferase activities were measured and the data are expressed as means ± SD (\**p* \< 0.05, Ctrl. *vs.* compound treated groups; ^\#^*p* \< 0.05, *Keap1-WT vs. Keap1-C151S* group.) (**d**) H1299 cells were either left untreated or treated with bixin (40 μM) for 4 h. Cycloheximide (CHX, 50 μM) was added and cells were lysed at the indicated time points. Cell lysates were subjected to immunoblot analysis using NRF2 and GAPDH antibodies. The intensities of the bands were quantified and plotted against the time after CHX treatment to obtain half-life values.](srep18760-f2){#f2}

![Bixin activates the NRF2 signaling pathway and suppresses the NF-κB inflammatory response in the lungs of *Nrf2*^+/+^ mice.\
IHC staining of (**a**) NRF2, (**b**) HMOX1, and (c) GCLM of lung tissue sections from *Nrf2*^+/+^ and *Nrf2*^*−/−*^ mice (n = 6, a representative image of the lung tissue from each group is shown to the left). Scale bar: 100 μm. Quantification of relative protein expression (right); results are expressed as means ± SD (\**p* \< 0.05, Ctrl. *vs.* treatment groups).](srep18760-f3){#f3}

![Bixin attenuates ventilation-induced inflammation by inducing the NRF2 signaling pathway and decreasing P65 phosphorylation in the lungs from *Nrf2*^+/+^ but not *Nrf2*^*−/−*^ mice.\
Lung tissue lysates from *Nrf2*^+/+^ mice and *Nrf2*^*−/−*^ mice (n = 3) were subjected to immunoblot analysis with (**a**) NRF2 pathway and (**b**) NF-κB pathway (P65, p-P65) antibodies. The mRNA levels of (**c**) *Nrf2*, (d) *Keap1*, (**e**) *Hmox1,* and (**f**) *Gclm* were measured with RT-PCR assay. Results are expressed as means ± SD (\**p* \< 0.05, Ctrl. *vs.* treatment groups).](srep18760-f4){#f4}

![Bixin decreases ventilation-induced inflammation and oxidative DNA damage in the lungs of *Nrf2*^+/+^ but not *Nrf2*^*−/−*^ mice.\
*Nrf2*^+/+^ and *Nrf2*^*−/−*^ mice received IP injection of corn oil or bixin (200 mg/kg, i.p.) 72 h before ventilation treatment for 4 h. (**a**) HE staining and (**b**) IHC of 8-oxo-dG of lung tissue sections from *Nrf2*^+/+^ and *Nrf2*^*−/−*^ mice (n = 6), a representative image (left, amplification:100×, top, and 400×, bottom) of the lung tissues from each group is shown). Scale bar for 100×: 400 μm; 400×: 100 μm. Quantification of inflammatory cells infiltration or relative 8-oxo-dG expression (right); results are expressed as means ± SD (\**p* \< 0.05, Ctrl. *vs.* treatment groups).](srep18760-f5){#f5}

![Bixin attenuates ventilation--induced inflammation in the lungs of *Nrf2*^+/+^ but not N*rf2*^*−/−*^ mice.\
(**a**) Total BAL protein, and (**b**) total BAL cell number were measured for *Nrf2*^+/+^ and *Nrf2*^*−/−*^ mice. (**c**) Cell differential analysis was performed on the BAL cells from each mouse. At least 200 cells were counted per sample and the ratio of neutrophils to total cells was plotted. The amount of (**d**) IL6 and (**e**) TNFα in the BAL fluid was measured by ELISA (n = 6). Results are expressed as means ± SD (\**p* \< 0.05, Ctrl. *vs.* ventilation; ^\#^*p* \< 0.05, ventilation *vs.* bixin + ventilation).](srep18760-f6){#f6}
